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ABSTRACT

A wind tunnel dispersion modeling study was conducted
to investigate exhaust contamination of hidden versus visible
air intakes. A “hidden” intake is typically on a building side-
wall or on the sidewall of a roof obstruction opposite the
exhaust source. A “'visible " intake is at rogf level or on top of
an obsiruction, directly above the hidden intake. Overall, the
study has shown what designers suspected: placing air intakes
on building sidewalls is beneficial when the stacks are on the
roof. Significant concentration reductions were found when air
intakes are placed right below the building roof edge on the
building sidewall The farther down the building sidewall the
airintakeis placed, the larger the reduction, However, the larg-
est relative reduction between a visible and hidden intake is
achieved by just moving the intake a few feet from the edge of
the building roof to a point just around the corner on the build-
ing sidewall.

INTRODUCTION

This paper documents ASHRAE Research Project 1168-
TRP on exhaust contamination of hidden versus visible air
intakes. Throughout this paper, a hidden intake 1s typically on
abuilding sidewall or roof obstruction sidewall, while a visible
intake is at roof level or on top of an obstruction, directly above
the hidden intake. Designers commonly place air intakes on
the walls of the building, just below the roof in the belief that
these hidden intakes will have less contamination from roof-
mounted exhaust sources than if the intakes are on the roof
itself. This paper provides documentation supporting this
design practice and also provides methods to quantify the level
of concentration reduction that is achieved when intakes are
hidden.

John J. Carter
Member ASHRAE

John W. LeCompte
Associate Member ASHRAE

The specified objective of this research was to compare
the effects on exhaust-to-intake concentration reduction (dilu-
tion) for hidden versus visible air intake locations and to
produce a set of design guidelines and a concentration (dilu-
tion) calculation procedure suitable for inclusion in the
ASHRAE Handbook—HVAC Applications. To meet the
project objectives, three major tasks were conducted: (1) a
literature review of experimental data conceming the concen-
tration reductions achieved at hidden intakes relative to the
visible intakes; (2) an experimental program using scale
models of three representative buildings in a boundary layer
wind tunnel to study the effects of exhaust configurations,
meteorological conditions, building configurations, and
hidden versus visible intake configurations on concentration,
velocity, and turbulence; and (3) analysis of the data to identify
key variables and to develop a simple method to predict
concentration reductions at hidden intakes. General design
guidelines regarding hidden intakes were also developed as
part of task three.

BACKGROUND INFORMATION

The literature review revealed a wealth of research
regarding concentration predictions and observations at visi-
ble intakes. Several studies of concentrations in building
wakes (Huber 1978, 1988a, 1988b, 1989} as well as a few stud-
ies of clusters of buildings {Wilson et al. 1998; Hosker 1985)
were identified. Six studies that specifically tested hidden air
intake locations on buildings of simple geometry are discussed
below (Halitsky 1963; Wilson 1976, 1977a, 1977b; Li and
Meroney 1983; Petersen et al. 1997).

Each of the six studies added specific detail for under-
standing the variables relevant to concentration predictions at
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air intakes. The effects of exhaust momentum, stack height,
wind direction, stack location, and architectural screens were
examined. Most of the studies based their predictions on
stretched-string distance, S, velocity ratio, V, /U, and exit
area, A,, but did not differentiate between hidden and visible
intakes. Therefore, no beneficial effect was predicted when the
intake was moved from the top of the roof edge to the top of
the building sidewall. Only Li and Meroney (1983) suggesied
a different distance dilution parameter, B,, for hidden air
intakes versus visible intakes (according to ASHRAE [1999)],
Chapter 43, but not stated outright in the published article).
There are even conflicting ¢onclusions between two of the
studies. Wilson (1976) concluded that using a hidden air
intake has no benefit in reducing concentrations, while Li and
Meroney (1983) concluded that there is a significant benefit.
Three of the studies (Wilson 1976, 1977b; Li and Meroney
1983) were performed with very low exhaust velocities in
order ta simulate capped stacks or leaks and were not intended
for use in the design of exhausts with significant exit veloci-
ties. Halitsky (1963) utilized a uniform mean approach veloc-
ity with negligible turbulence. which would not accurately
represent the atmospheric boundary layer. Despite the value of
this research, the results from all of these studies were disqual-
ified for inclusion in this analysis for either of the following
reasons: the velocity ratio was not varied through a range in
order to find the critical maximum concentration at the roof
edge and at the hidden receptor, or only cases with insignifi-
cant plume rise were investigated.

Petersen et al. (1997) investigated the influence of archi-
tectural screens on exhaust dilution at visible and hidden air
mtakes. One building was studied with three exhaust veloci-
ties and two wind spceds. The visiblc and hidden intake
concentration data were considered for inclusion in this study
but were disqualified since the overall maximum concentra-
tions on the roof and sidewal) were not determined. The results
from Petersen et al. (1997) were used to provide a rough chack
on the general equation that was developed as part of this
study.

Overall, the literature review provided information such
that representative building geometries could be identified for
this evaluation and provided further justification for this
research.

WIND TUNNEL DATABASE

Wind Tunnel Simulation of Airflow and Dispersion

An accurate simulation of the boundary-Jayer winds and
stack gas flow is an essential prerequisite to any wind tunnel
study of diffusion around buildings. The similarity require-
ments can be obtained from dimensional arguments derived
from the equations governing fluid motion. A detailed discus-
sion of these requirements is given in Snyder (1981). The crite-
ria and experimental methods that were used for conducting
the wind tunne! simulations are discussed in detail in Petersen
and LeCompte (2002). Since this study was designed to be
generic in nature, rectangular buildings were placed in one of
two uniform roughness configurations. The roughness config-
vrations were designed to simulate either a rural environment
with a surface roughness length of 0.30 m or an urban envi-
ronment with a surface roughness length of 0.80 m.

General Description of Test Plan

Concentration and velocity measurements were obtained
on 1:100 scale models for three different building geometries
with various exhaust stack configurations and meteorological
conditions. The building geometries were determined by
reviewing typical laboratory and commercial building shapes
(Petersen and LeCompte 2002). Table 1 summarizes the
dimensions of the buildings evaluated for this study and the
building used by Petersen et al. (1997). Figure 1 is an isometric
drawing of Building 1, a large flat-roofed, low-rise structure
representative of a shopping center or commercial plant. For
selected tests, a long or short barrier at one of two locations
downwind from the stack was installed, as shown in Figure .
Most testing was conducted with a flat, unobstructed roof.

Concentrations were measurcd at hidden and visible
intakes for a range of exhaust stack heights, volume flow rates,
and wind speeds at each of three wind directions: nonnal to the
short side, normal to the long side, and diagonal. Stack loca-
tions were designated S through S7, and receptor locations
were designated R] through R17, as shown in Figure 1. Using
the cniteria deseribed in Petersen and LeCompte (2002) and
source characteristics specified in Table 2, the model test

Table 1. Physical Characteristics of Buildings Evaluated
Building Height Length Width Number Total Area
Number ft (m) ft (m) ft (m) of Floors ft? (m?) L/H  W/H Comment
( 30 (9.1) 150 (45.7) 90 (27.4) 2 27,000 5.0 3.0
(2509.7
2 75(22.9) 300 (91.5) 150 (45.7) S 225,000 (20,913.9) 4.0 2.0
3 150 (45.7) 375 (114.3) 75 (22.9) 10 281,250 (26,142.4) 2.5 0.5
4 50(15.2) 100 (30.5) 50 (15.2) 3 15,000 2.0 1.0 Test Building
(1394.3) For ASHRAE
805-TRP
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Figure 1 Building dimensions with stack and receptor locations for Building 1—large, flat-roofed, low-rise shopping center

o1 commercial plant.

Table 2. Full-Scale Exhaust Parameters
Source Exit Diameter, d Volume Flow Rate, Q Exit Velocity, V,
Description in. (m) cfm (m'/s) fpm (m/s)
Low Flow 6.8 (0.17) 500 (0.24) 2000 (10.2)
Medium Flow 21.4(0.54) 5000 (2.36) 2000 (10.2)
High Flow 67.7(1.72) 50000 (23.6) 2000 (10.2)

conditions were computed for three generic stack configura-
tions designated low flow (500 ctm, 0.24 m*/s), medium flow
(5000 cfm, 2.36 m*/s), and high flow (50,000 cfm, 23.6 m%/s).
All stacks were tested in the rural environment for each build-
ing. Only the medium flow stack was tested in the urban envi-
ronment for each building. A full range of anemometer wind
speeds (1 10 20 mvs, 2.24 to 44.7 mph) was tested in order to
determine the highest concentrations achievable at the roof
and sidewall receptors. Detailed information on the wind
tunnel, instrumentation, and boundary layer documentation
can be found in Petersen and LeCompte (2002).

Mean ‘velocity and longitudinal, lateral, and vertical
turbulence intensity were measured in the rural roughness
configuration at heights corresponding to 5, 10, 15, 20, 30, and
40 (t(1.52,3.05,4.57,6.10,9.15,and 1 2.2 m) above each stack
location for each wind direction. Velocity measurements using
the urban approach roughness were only obtained for Building
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2. The purpose of these measurements was to determine how
the building altered the approach flow and to develop inputs
for the dispersion models. The results of these measurements
are described in Petersen and LeCompte (2002).

ANALYTICAL METHODS

General

Existing analytical methods were used as the starting
point for developing and evaluating the method for estimating
concentrations at visible and hidden air intakes. Chapter 43 of
the 1999 ASHRAE Handbook—HVAC Applications
(ASHRAE 1999) describes a commonly used method for
predicting the concentration at a visible intake. Another
method is a basic Gaussian analysis (Tumer 1994). Both of
these methods, as well as an enhanced Gaussian analysis, are
described briefly 1n this section.

ASHRAE Transactions: Research



Concentration Prediction—ASHRAE Method

In Chapter 43 of the /999 ASHRAE Handbook—HVAC
Applications (ASHRAE 1999), the critical dilution (concen-
tration) is first calculated for a flush vent (a stack with 4, = 0),
then adjusted for the actua) stack height under consideration.
This method uses the following parameters: emission mass
flow rate; stack height, exit area, and exit velocity; stretched
string distance; and simplified terms to describe the plume
spread.

Concentration Prediction—
Standard Gaussian Method

The Gaussian plume model can be simplified to the
following equation for a centerline receptor at the surface of a
reflecting roof or at ground level;

C_ 1x 10 exp[_l(hﬁAhT)j 1

m n UhO‘VG: 2 o,

where C is the pollutant concentration (pg/m3); m is the pollut-
ant mass emission rate (g/s); U, 1s the mean wind speed at
stack top (m/s); o). and o, are the standard deviations of plume
concentration distribution in the crosswind and vertical direc-
tions at downwind distance x, respectively; A, is the stack
height above the roof, receptor, or ground level as appropriate;
and Ak is the net effective rise of the plume centerline above
the stack top.

For the standard method, the approach wind conditions at
stack height are used rather than the local condiuons at the
stack top. This allows for straightforward calculations of U,
G, and 6,. The mean wind speed is characterized by a power
taw relationship:

, Zn Hanen ZS Meste
{Jh = Uunem(z ) (;) (2)

ane w

where U,,.,, 1s the mean wind speed at the anemometer
height, 7,5 2, is the free stream height; 1., is the power
law exponent at the anemometer; z, is the stack height above
ground level; and n;, is the power law exponent at the build-
ing site. The power law exponents, »n,, and #_,.... can be
calculated based on surface roughness classification or can be
determined empirically by a curve fit to a model-scale
approach velocity profile.

The lateral and vertical plume dispersion ceeflicients, o,
and 6,, can be calculated using the empirical equations in the
EPA AERMOD model (Cimorelli et al. 1998) and can be
represented as a function of two factors,

2 .05

y 2
6, = (6,4+05)) and

2 2,03
y1 G, = (GZO+ 0—zl) » (3)

where 6., and &5 are initial lateral and vertical plume disper-
sion, and 6,, and o, are lateral ang vertical plume dispersion
due to ambient turbulence. According to Turner (1994),
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Sy = G = 0354, (4)

where d s the stack diameter. According to Cimorellj et al,
(1998), the crosswind and vertical ambient turbulence disper-
sion coefficients, 5,, and o, are calculated as linear functions
of distance from the exhaust source, based on the longitudinal
turbulence intensity at stack height in the approach wind.

o, =1

i vsapX = A

X3 ,apx

and S
O = Izs‘apx = Azln'.apx’

whete /,; 4, and /., are the lateral and vertical turbulence

intensities in the approach flow at stack height, 7 ,, is the
Jongitudinal turbulence intensity in the approach flow at stack
height, 4, and 4, are empirical constants, and x is the down-
wind distance to the receptor location. For flat hamogenous

terrain, Snyder (1981) suggests the foliowing values:

4, =075  and A, = 050, (6)

I 4p is determined by either an empirical relationship to
height, heat transfer, mixing depth, temperature, gravity, and
ffuid properties (Cimorelli et al. 1998) or by a curve fit to an
observed approach longitudinal turbulence intensity profile.
For this study, /. ,, for the rural and urban approaches
measured in the wind tunnel were found to agree with the

following equations:

2 N\03831 5 10.3835
/_\__”p=7.6692[z—') —73252(2—) (rural)  (7)

2 103591
Ioon = 7.6798(2—)

re

2 103849
—7.512|[_—) (urban)  (8)

The second term was added after the first term alone fajled
to produce an adequate fit. The besi-fit constants were found
by minimizing the normalized root-mean-square error
(RMSE) over the range of z values used jn the stady.

Net effective plume rise, Ah was calculated using Briggs
(1969, 1975) for a neutrally buoyant plume using the follow-
ing equation:

I
3F, X\
A}lT = '2— (9)
[3_; I
where
x = downwind distance,
B, = entrainmenl parameter, and
£, = momentum flux, defined as
aT
Fm = Vijrfa ) (]0)
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Concentration Prediction—
Modified Gaussian Method

For short rooftop stacks, the presence of the building
disturbs the flow, creating a significantly different set of mean
velocity and turbulence conditions at the stack top than in the
approach flow. In the approach flow, mean wind speed, Upap>
and longitudinal turbulence intensity, /, ., can be readily
characterized with confidence from established relationships
using terrain classification. However, there arc no stmple
means to calculate these values accurately in the disturbed
region above the building. Also, the lateral and vertical ambi-
ent turbulence dispersion coefficients, ,, and o,,, are often
based on turbulence intensities in the approach, Ly op@nd Jyg gp
which are generally simplified as constant scalings of the
approach longitudinal turbulence intensity, /; ,,, as discussed
above. Therefore, Gaussian approaches to concentration and
dilution predictions are often based on approach conditions,
and concenltration (dilution) predictions must account for the
effect of the building elsewhere in the analysis.

Therefore, a modified Gaussian method is presented,
which uses more accurate wind speed and turbulence values at
the stack. Calculation of the mean wind speed at the stack top.
U,, is carmied out by introducing an adjustment factor, U, /
Uy gp to account for the building’s effect on the approach
wind.

Uh

Uy = (m) Uy (1)

where U, is the stack top wind speed, U, /U, ,, is the factor for
a specific stack/building configuration that relates the
approach wind speed (o that at the stack location, and U, 4, is
the mean approach wind speed at the stack height.

The crosswind and vertical ambient turbulence dispersion
coefficients, o, and G, are again calculated as linear func-
tions of distance from the exhaust source based on the longi-
tudinal turbulence intensity modified by an empirical term that
corrects for the presence of the building.

[ o]

Gy = ( l),l‘_x)

cup s
and (12)
/,
o = () = [(7 p) s
where /i, 5, 18 the longitudinal turbulence intensity at stack

height in the approach flow, and (7, /I, ,),, (L /I, ,5), are
factors for a specific stack/building configuration that relate
the approach longitudinal turbulence intensity to the lateral
and vertical turbulence intensity at the stack location. For each
building evaluated, the mean velocity and turbulence adjust-
ment factors, Uy, /Uy, . (4 /1y )5, a0d (£, /1 4,), were caleu-
lated based on the velocity measurements discussed in
Petersen and LeCompte (2002).
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RESULTS

Concentration reduction factors were computed from the
wind tunnel concentration measurcments and analyzed to
determine general trends. General equations were then devel-
oped to predict concentration reduction factors between the
visible and top hidden (sidewall) receptors, £y, and forrecep-
tors at various heights along the building sidewall, Fgy
Finally, a method to estimate sidewall concentrations for real
building situations was developed. The method was tested
against the wind tunnel database of visible and hidden concen-
tration measuremernts.

Concentration Reduction Factors

Visible/Hidden Reduction Factors. A visible/hidden
reduction factor, F,,. is defined as the concentration at the
downwind roof edge (i.e., visible receptor) divided by the
concentration al the top sidewall (i.e., hidden) receptor. The
top sidewall receptor was used because that location usually
had the highest concentration and, therefore, the lowest uncer-
tainty of the hidden receptors. Three key variables atfecting
Fyy, were identified from analysis of the wind tunnel data:
exhaust volume flow, normalized plan area (4 ), and normal-
ized stack height. No general trend was found to describe the
effect of stack location on Fyy. The important variables are
defined as

rxVL,tf2
Exhaust Volume Flow = V 4, = 3 :
Ap = W—é . and
Hy
1
Normalized Stack Height = E‘ .

[n order to develop a general equation for Fy, as a func-
tion of the above variables, the concentration data were sepa-
rated into low, medium, and high exhaust flow ranges. Only
values from the center stack for Buildings 1, 2, and 3 in the
suburban approach roughness configuration were used. The
equations were evaluated later using all data sets, as discussed
below. Fyy results with uncertainty greater than 25% (gener-
ally extremely low concenirations) were omiftted to ensure the
most reliable relationship was developed.

Inspection of the data indicated the following trends: the
Fiyy value tended to increase as Ap decreased, and the Fpy
values tended to decrease, with a lower limit of Fyy=1, as the
normalized stack height increased. Therefore, the following
equation form was chosen:

sl ) Yo}

The best fit constants, 4, A5, A3, and A, for each exhauvst
volume flow range were determined by minimizing the RMS
error (RMSE) between predicted and observed Fpy values.
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Initial results showed higher predicted reduction factors for
the high flow stack than for the medium flow stack. This result
was not the expecied trend from a theoretical standpoint due
{o the relative plume sizes and centerline heights and was
likely the result of low concentration values (i.e., higher
measurement error) on the building sidewall for the high Mlow
stacks and the smaller data set for the high flow stack. More
realistic predictions resulted from fitting the medium and high
flow stacks at the same time. Combining these data sets
resulted in a large data set with a lower percentage of points
likely to have significant measurement ertor. As a result, the
predicted reduction factors followed the expected trend. The
final set of data fit constants for low flow and medium and high
flow stacks are shown in the right two columns of Table 3. The
final £, values computed from Equation 13 are presented in
Table 4.

Figures 2a and 2b show the Fy, data for upwind and
downwind slack locations, urban approach roughness, and
Building 4 (Petersen et al. 1997), with the curve fits based on
the suburban approach, center stack data for Buildings 1, 2.
and 3. The additional data, excluding the Building 4 data, are
bounded adequately by the fits based on the center stack.
suburban approach data. In the Building 4 study (Petersen et
al. 1997), concentrations were taken at only two full-scale
anemometer wind speeds—either 5.52 or 16.6 mph (2.47 or
7.44 m/s)—so the overall maximum concentration on the roof
and building sidewall was not determined. In the current study,
a range of six anemometer wind speeds spanning | to 20 m/s
(2.24 to 44.7 mph) was evaluated, ensuring that the overall
maximum concentrations were determined. However, the
results presented in Figures 2a and 2b suggest that the general
relation developed for Buildings 1 through 3 applies for Build-
ing 4, as the ', values occur in the appropriate region.

The resulfs show that concentration reductions for short
buildings with short stacks (/, / R < 0.2) will range from 2 to
5 depending upon the exhaust flow. For tall buildings with
short stacks (/1 / R < 0.06), the reduction factors will range
from 4 (o 13, again depending upon exhaust flow. As the stack
height increases relative to the building, the concentration
reduction decreases and approaches one.

Sidewall Reduction Factors. The sidewall reduction
factor, Fgyy 18 defined as the concentration at the top sidewall
receptor divided by the concentration at the bottom sidewall

receptor. This ratio was used as it provided for lower uncer-
tainty than top- to mid-wall receptor data, as discussed in
Petersen and LeCompte (2002). The variables affecting Fgyy
were determined to be stack height, h,, and vertical distance
from roof to receptor, Az. A Gaussian concentration distribu-
tion from the plume centerline 1o the bottom of the sidewall
was assumed in development of Fgy as follows:

exp(A4 5hf)

C 2
Few= (C_IDB) e =S G A (A o+ 24,A7)]
bo expAs(h + Az)7]

(14)

where A is a constant to account for enhanced vertical disper-
sion in the building wake. This relationship assumes constant
horizontal and vertical dispersion coefficients and a constant
wind speed as the plume transitions from the building roof to
the sidewall.

The relationship W#CH47L% was initially considered 1o
account for the for the effect of building shape on the wake
dispersion, seeking optimum values for the constants Ai.
When this analysis did not prove to collapse the data effec-
tively, R? was considered and found to be more effective,
where R is the ASHRAE (1999) scaling length defined as

b= BT, (15)

where B, 1s the smaller of the building upwind face height or
width, and B, is the larger dimension. The following general
equation was assumed to fit the data

Az? -2 AN B2V
Is R
Few = exp —A,)[)z ) ( 2] (16)
1000 Lm

where the factors of 1000 m? and 1 m? are length scaling
factors used to nondimensionalize the equation. The constants
A; were obtained by munimizing the RMS error befween
predicted and observed Fg; Data with high uncertainties (i.c.,
low concentration values that have a significant experimentat
error), generally those points with R > 118 fi (36 m), were
omitted to provide increased acouracy in the fit. A detailed
discussion on the measurement accuracy is provided in
Petersen and LeCompte (2002).

Table 3. Data Fit Constants for Visible/Hidden Reduction Factor Equation, Fy
Best Fit Volume Flow
Fyy Constants High Medium Low High and Medium

Ay 13.89 12.61 20,00 11.90
A, -0.186 -0.117 -0.794 ~0.092
A3 1.65 2.19 2.65
Ay 0.926 0.039 -0.807 0.106

RMSE (%) 7.9 13.3 14.3
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Table 4. Visible/Hidden Reduction Factors, Fy,, as a Function of Building Shape,
Exhaust Flow Rate, and Stack Height for 0 and 90 Degree Wind Directions
Low Flow Stacks
Normalized Plan Area (WL/H,2)
h /R 1.25 8 15
0.02 13.0
0.04 12.6 39
0.06 2.2 38
0.08 1.9 3.7
0.10 11.5 3.6 22
0.15 241
0.20 1.9
0.25 1.8
0.30
0.40
0.50
Medium and High Flow Stacks
Normalized Plan Area (WL/H,,Z)
ho IR 125 8 15
0.02 5.3
0.04 4.6 4.)
0.06 4.1 37
0.08 3.7 34
0.10 34 3.1 3.0
0.15 2.6 L
0.20 ) 2.
0.25 1.9 1.8
0.30 1.6
0.40 1.1
0.50 1.0
Nole: The shaded arcas represent data extrapolations or interpolations.

The constants in Equation 16 were developed for each of
the three volume flows evaluated and for all flow rates
combined. In genecal, the RMS error using all the data was
only slightly worse than the RMS error when each volume
flow was fitted individually. Hence, the fit constants for the
collective set of data were used to develop charts that can be
used to select a reduction factor for a particular building geom-
etry. When either ST or I-P units are used, the constants are Ay
=0.00172, A;o = 0.108, and 4, = 0.767. For I-P units, the
1000 m? and [ m? constants must be converted to fiZ.

The equation developed for all flow cases was used to
generate charts of Fgy, versus R for various stack heights, as
shown in Figure 3. The figure indicates only a slight difference
between the predicted Fiy, for no stack ang that for the tallest

136

stack (20 ft or 6.1 m). The difference was only 5.1% for the
short building prediction, shown in the figure, and less for all
taller building cases. Therefore, only the most conservative
Fqypredictions (i.e., those for zero stack height) were used, as
presented in Figures 4a and 4b for the bottom and mid-wall
receptors, respectively. The figures show that as R approaches
0, F, approaches 1.0, and that as building height increases,
Fgincreases up to the limitat R = 118 ft (36 m). Even though
the trends in Figures 4a and 4b suggest Fg;, will increase with
increasing R, there was significant uncertainty in the experi-
mental data with R > 118 ft (36 m). Therefore, when R > 118
ft (36 m), Fgy was limited to .0 to provide conservative
results.
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concentration reduction factors for O and 90
degree wind directions: (a) low flow center
stacks, urban/rural approaches. all buildings; (b)
medium and high flow stacks, urban/rural
approaches. all buildings.

Angled Wind Directions. Due to the limited number of
diagonal wind direction trials in this study (only 5 ft (1.52 m]
medium flow stacks were studied), it was concluded that
insufficient data were available 1o develop a general equation.
Instead, the most conservative Fyy, results were selected as
representative of the diagonal wind direction results. The
resulting £, values were 1.0, 3.6, and 7.8 for respective 4p
values of 1.25, 8.0, and 15.0. The trend here is that Fpy
decreases with increasing 4 p, which is the opposite of the trend
for the normal wind directions. This result suggests more
research is needed to determine a general relationship.

Rooftop Barriers. No general reduction factor relation
was evident for the roofiop barrier cases. However, the data
showed the following for 5 or 10 {t (1.52 or 3.05 m) stacks and
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aroofbarrierthatis 10 fix 10 fix 30 (3.05mx3.05mx9.15
m) or greater, oricnted perpendicular to the plume direction:
(1) the recommended Fpy is 1.5 for buildings with 4p of 15,
and (2) the recommended reduction factor is 1.0 for buildings
with A p of 8. These conclusions are very restricted, due to the
lack of experimental data with varying configurations, and are
stated in 3 manner to produce conservative predictions. A
more refined analysis (i.e., wind tunnel simulations) would be
required to obtain concentration cstimates for cases nol
covered by this study.

Method to Estimate Concentrations
at Hidden Intakes

The concentration at the hidden (sidewall) receptor is
calculated as follows:
ber

[;C’sz " FunFsw an

where (C/im)gy 18 the normalized concentration at the hidden
(sidewall) receptor of interest, (C/in)pr is the normalized
conceniration at downwind rooftop edge, Fyy, is the visible/
hidden reduction factor, and gy is the sidewall reduction
factor. Note that at the top sidewall receptor, Fgy is equal to
one. The following four-step method is proposed to calculate
the hidden air intake concentration.

Step 1—Obtain Input Parameters to Estimate C/mpn
These parameters vary depending on the method used to esti-
mate the rooftop concentration. The input parameters for three
possible methods were discussed previously.

Step 2—Determine the Highest (C/im)gpn This can be
accomplished using ASHRAE (1999) or a Gaussian plume
model. The Gaussian plume model could be the one developed
by the authors, discussed previously, or EPA models such as
ISC (EPA 1995a) or SCREEN3 (EPA 1995b).

Step 3—Determine Fpy. This is accomplished by first
calculating the values for exhaust flow rate, normalized plan
area, and nondimensjonal stack height. Next, find the appro-
pnate value for Fyyin Table 4 for winds normal to the building
face or the values listed above for winds diagonal to the build-
ing. If the volume flow is above 50,000 ¢fm (2.36 m>/s), then
Table 4 should be used with caution. Interpolate with caution,
tending toward the lower value of Fp,, because the patterned
areas in the table are already interpolations or extrapolations
of observed data. Alternatively, [y can be calculated by using
A; values from Table 3 of Equation 13, using the values in the
right-most column for volume flows > 5000 ¢fm (2.36 m’/s).

Step 4—Determine Fg: Determine Fgy by using
Figures 4a and 4b for bottorn and mid-wall locations, respec-
tively. Note that Fgy, = 1.0 for two cases: (1} for top sidewall
receptors by definition and (2) for R > 118 ft (36 m). Alterna-
tively, Fsw can be calculated using Equation 16 and the 4;
values listed in the text of the “Sidewall Reduciion Factors™
section, above. Note that in the equation, Az is the vertical
distance, always positive, between the roof and the receptor.
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Figure 3 Predicied sidewall reduction factor versus scaling length for various stack heights on a 30 ft (9.1 m) building.

Evaluation of Method

A comparison of the three methods previously described
for predicting the concentration at visible and hidden intakes
(standard Gaussian, modified Gaussian, and ASHRAE) was
conducted to determine which method provides the best agree-
ment with observations and to compare their relative benefits.
Details of the evaluation and discussion of the results are
presented in Appendix A.

Visible [ntake Concentration Estimates. In general,
any of the three methods could be used with confidence that
prediction of concentrations at the visible intake location will
be accurate within a factor of two, with the following limita-
tions:

»  The standard Gaussian method should be used with cau-
tion for configurations where it is questionable whether
the plume will reach the receptor (e.g., medium to tall
stacks and/or short distances). 1t should not be used for
buildings with large frontal area (R > 118 ft), due to the
possibility that the plume spread parameters won't ade-
quately represent the turbulence coudition above the
building and may underpredict the concentration at the
rooftop edge receptor.

¢« The modified Gavssian method should not be used when
it is likely that the exhaust flow will be captured in the
roofiop tecirculation cavity, for example, short upwind
or center stacks with low or medium volume flow.
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¢ The ASHRAE method is the most universally accurate
and requires the least information, but it should not be
used for buildings with large frontal area (R > 118 f1).

Hidden Intake Concentration Estimates. Overall, the
ASHRAE method is proven to be quite acceptable for esti-
mates of hidden intake concentration, with accurate, yet
conservative, predictions and mimimal design information
requirements, However, it can severely underpredict when R >
118 ft (36 m). n these cases, the modified Gaussian method is
recommended if the design closely matches one of those
presented in Table 4 and Figure 4. [f this is not appropriate,
then a wind funnel simulation should be conducted.

CONCLUSIONS

The study found that placing air intakes on the building
sidewalls resulted in widely ranging concentration reductions
from the maximum building edge rooftop concentration. The
reduction factors depended upon building shape, wind direc-
tion, exhausi flow rate, stack height, and vertical distance from
the roof to the receptor.

Building Shape and Wind Direction

»  For normal wind directions (i.e., flow direction normal
to any building face), concentration reduction factors
from the edge of the roof to the top sidewall receptor,
Fyyy, tended to decrease with increasing normalized
building plan area (4p). Typical concentration reduc-
tions wore 2 to 5 for short buildings with short stacks (4,
/R <0.2) and 4 to 13 (h,/ R £ 0.06) for tall buildings
with short stacks.

= For diagonal wind directions, ), tended (o increase
with increasing 4 » More research is suggested for diag-
onal wind directions.

*  For the short building (4, = 15.0), reduction factors at
the bottom of the sidewall were approximately the same
as at the top of the sidewall.

For the medium building (4, = 8.0), reduction factors at
the bottom of the sidewall were about 1.5 times those at
the top of the sidewall.

+  For the large building (4, = 1.25), the reduction factors
varied from 1.0 to 5.6 fimes those at the top of the side-
wall.

Stack Height

= Fornormal wind directions, Fyy tended to decrease with
increasing stack height.

«  For diagonal wind directions, only one stack height was
tested, but a trend similar o that observed for the normal
wind directions is expected.

e The results indicate that when the stack is taller than
aboul 0.5R, the reduction factors on the sidewall are
minimal, suggesting the plume most likely clears the
building roof entirely.
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Exhaust Flow Rate

+  For normal wind directions, reduction factors tended 1o
be the greatest for the low exhaust flow and about the
same for the medium and high exhaust flows.

For diagonal wind directions, only one exhaust flow was
tested, but a trend of increasing Fpy with decreasing
exhaust flow is expected.

Approach Surface Roughness

¢« The results showed less than 20% variation in reduction
factor for a rural or urban approach.

Stack Distance or Plume Size

+  For small and medium buildings at normal wind direc-
tions, stack location did not tend to affect 7.

*  For large buildings that have large distances along the
roof, Fyy tended to increase as stack location moved
downwind.

Roof Barriers

+  The reduction factor for a roof barrier tends to decrease
as the relative height of the barrier 10 the height of the
building decreases.

SUMMARY

A method was developed for estimating the concentration
on the building sidewall based on the downwind roofiop edge
concentration. The method makes use of the existing equa-
tions in Chapter 43 of the 1999 ASHRAE Handbook—HVAC
Applications (ASHRAE 1999) to estimate rooftop concentra-
tions and then uses simple algebraic relations or tables and
charts to arrive at sidewall concentration estimates. The
method was tested against the wingd tunnel observations and
was found to provide generally accurate and conservative
results. Some form of this method is likely to be included in the
next edition of the handbook.

Overall, the study has shown what designers suspected:
placing air intakes on building sidewalls is beneficial when the
stacks are on the roof. Signijficant concentration reductions
were found when air intakes are placed right below the build-
ing roof edge on the building sidewall. The farther down the
building sidewall the air intake is placed, the larger the reduc-
tion. However, the largest relative reduction between a visible
and hidden intake is achieved by just moving the intake a few
feet from the edge of the building roof to a point just around
the corner on the building sidewall.
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stack exit area

empirical constants

normalized plan area

distance dilution parameter

the larger of the building upwind face height or width

the smaller of the building upwind face height or
widih

poltutant concentration
normalized conceniration
normalized concentration at downwind rooftop edge

normahzed concentration at the sidewall receptor of
interest

concentraticn at top sidewall receptor
concentration at boitom sidewall receptor
stack diameter

concentration reduction factor for intakes at various
heights along a building sidewall (sidewall reduction
factor)

concentration reduction factor between visible and
top hidden intakes (visible/hidden reduction factor)

= building height

stack height above the roof, receptor, or ground level
as appropriate

normalized stack height

longitudinal turbulence intensity at the stack location

longitudinal turbulence mtensity in the approach
flow al stack height

lateral turbulence intensity at the stack location

lateral turbulence intensity in the approach flow at
stack height

vertical tarbulence intensity at the stack location

vertical turbulence intensity ia the approach flow at
stack height

factor for a specific stack/building configuration to
relate the approach longitudinal turbulence intensity
to the lateral turbulence intensity at the stack location

factor far a specific stack/building configuration to
relate the approach longitudinal turbulence intensity
to the vertical turbulence intensity at the stack
location

pollutant mass emission rate

power law exponent at the anemometer
power law exponent at the building site
ASHRAE (1999) scaling length
stretched-string distance

ambient temperature

exhaust gas temperature

mean wind speed at the anemometer height, z,,,,,,,,

U, = mean wind speed at stack top

U,; = mean velocity in the approach flow at siack height

Uy/U,, 4= factor for a specific stack/building configuration to
relate the approach wind speed to wind speed at the
stack location

VJU, = velocity ratio

X = downwind distance of the receptor lacation

Z = free stream height

Zanem = anemometer height

Z = stack height above ground level

Zrof = reference height

Greek

B; = entrainment dilution parameter

Ahy = net effective nisc of the plume centerline above the
stack top

Az = vertical distance from roof to receptor

G, = standard deviation of plume concentration
distribution in the crosswind direction at downwind
distance x

G = initial latera} plume dispersion

c_y, = lateral plume dispersion due to ambient turbulence

G, = standard deviation of plume concentration
distribution in the vertical direction at downwind
distance x

O, = injtial vertical plume dispersion

o, = vertical plume dispersion due to ambient turbulence
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APPENDIX A

A comparison of the three methods previously described
for predicting the concentration at visible and hidden intakes
(standard Gaussian, modified Gaussian, and ASHRAE) was
conducted to determine which method provides the best agree-
ment with observations. The performance of the methods was
¢valuated with respect to how each (1) predicted concentra-
tions conscrvatively (little or no underprediction) and (2)
limited scatter and overprediction. The methods were evalu-
ated using two statistical quantities described in Hanna and
Heinhold (1985) that are frequently used to evaluate analytical
model performance: normalized mean square error (NMSE)
and normalized bias (NB).

The comparisons were conducted using a concentration
framework in which a high value is conservative, i.e., a greater
quantity of the emitted pollutant is present, If a dilution frame-
work was used, a low dilution value would be conservative.

Visible Intake Concentration Estimates. Table A-1
lists the NMSE and NB resulting from comparison of
predicted and observed rooftop concentrations. It is evident
that the modified Gaussian and ASHRAE methods produced
the best overall results. The two methods produced compara-
ble values for NMSE. The modified Gaussian method
produced a lower NB, while the ASHRAE method produced
a more conservative estimate (characterized by the larger
negative NB value). Note that the standard Gaussian method
also resulted in a negative average NB, but the average NMSE
was significantly greater than that for the other two methods.

Normalized Mean Square Error (NMSE) and Normalized Bias (NB)

Using Three Methods to Estimate Visible Intake Concentrations

Methad
Standard Gaussian Modified Gaussian ASHRAE
Building Number NMSE NB NMSE NB NMSE NB
| 2.0l -0.83 0.51 0.07 045 -0.34
2 1.24 -0.70 0.48 0.21 0.47 -0.51
3 12.73 -3.31 0.56 -0.39 1.44 -0.57
Ovenall 5.76 -1.44 0.52 -0.01 0.69 -0.46

ASHRAE Transactions: Research

141



Table A-2.

Normalized Mean Square Error (NMSE) and Normalized Bias (NB)

Using Three Methods to Estimate Sidewall Intake Concentrations

Top Sidewall Intake

Method
Standard Gaussian Modified Gaussian ASHRAE
Building Number NMSE NB NMSE NB NMSE NB
l 1.66 -0.87 0.34 -0.07 0.73 -0.53
2 1.07 -0.60 0.4 0.21 0.40 -0.48
3 18.35 4.99 0.86 -0.76 1.21 -0.36
Overall 38 -1.3) 0.47 -0.07 0.85 -0.55
Bottom Sidewall Intake
Method
Standard Gaussian Modified Gaussian ASHRAE
Building Number NMSE NB NMSE NB NMSE NB
i 1.69 -0.92 0.29 -0.10 0.80 -0.57
2 1.01 -0.60 0.32 0.20 0.46 -0.48
3 17.00 -4.94 1.05 -0.80 1.72 -0.93
Overall 3.27 -1.24 0.45 -0.09 1.08 -0.58

Designs based strictly on modified Gaussian predictions are

distances. For many cases, the method overpredicted consid-

likely to be accurate, while designs based on standard Gauss-
1an and ASHRAE predictions will, on averige, tend to be
conservative, That is, they will require higher stack heights
and/or volume flows to meet the required design concentra-
tion.

Hidden Intake Concentration Estimates. Table A-2
lists the NMSE and NB resulting from comparison of
predicted and observed sidewall concentrations at the top and
bottom sidewall receptors, respectively. Since the same empir-
ical factors, Fyy and Fgy, were used to adjust the rooflop
concentrations to predict the sidewall (hidden) concentrations,
predictions for each method follow similar trends as those for
the visible intakes for the same method. lilVectively, the
configurations where each of the methods is weak in predict-
ing the visible intake concentration should also be avoided in
predicting hidden intake concentrations.

The standard Gaussian method again had high NMSE
values for Building 3 hidden concentration predictions, mark-
edly increased from the visible intake results shown in Table
A-1. However, this method again predicted conservatively in
mosl cases, except for medium to tall stacks and short
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erably, sometimes by more than an order of magoitude.

The modified Gaussian method again tended to predict
accurately and centrally, rather than conservatively, having the
Jowest absolute values of NMSE and NB in Table A-2. In
almost all cases, the underprediction was minor (less than a
factor of two), with virtnally no underprediction for middle
and bottom sidewall recepior locations.

The ASHRAE method again predicted fairly accurately
and conservatively, with NMSE values roughly twice those of’
the modified Gaussian methad. The overpredictions increased
in magnitude (occasionally by an order of magnitude) due to
the conservative bias in the results from the visible intake
calculations, although these cases had such low C/nmr values as
to be inconsequential.

DISCUSSION

Gideon Rozen, Founder, HRVAC Consulting Engineering,
Tel Moud, Israel: Presentation very well prepared and clear.
Visit worthwhile.

Ron Petersen: Thank you for your inferest in our presenta-
tion.
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